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FIELD OF THE INVENTION 

[0001] The present invention relates generally to light emitting diodes and in particular to high- 
radiance optical systems that use light emitting diodes. 

BACKGROUND 

[0002] Certain optical systems, such as projection systems and automobile headlights, require 
light sources with high radiance or luminance. Until recently, the luminance of conventional 
light emitting diodes (LEDs) was inadequate to fulfill the needs for such applications. 
However, even with current high performance LEDs, the radiance requirement for some optical 
systems is difficult to fulfill. By way of example, optical systems that require polarized light 
and use conventional (randomly polarized) LEDs typically suffer a loss in radiance making 
such system unacceptable for high brightness applications. Additionally, systems that convert 
the wavelengths of light emitted from a high radiance LED, e.g., using a phosphor, lose 
radiance and are therefore similarly unacceptable for high brightness applications. 

[0003] Thus, what is needed is an optical system that uses LEDs and that provides sufficient 
radiance to be used in high brightness applications. 

SUMMARY 

[0004] In accordance with an embodiment of the present invention, a system includes a light 
emitting diode having an epitaxial structure comprising an active region sandwiched between 
an n-type region and a p-type region, the active region configured to emit light that is at least 
80% polarized along a first polarization orientation when forward biased. The system also 
includes a microdisplay that is disposed in the path of the light emitted by the active region of 
the first light emitting diode. In another aspect, the system may include an epitaxial structure 
comprising an active region sandwiched between an n-type region and a p-type region, the 
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active region configured to emit light that is at least 80% polarized along a second polarization 
orientation when forward biased. In such an embodiment, the system further includes a 
polarizing beamsplitter that is disposed in the path of the light emitted by the first and second 
light emitting diodes. The polarizing beamsplitter combines the light from the two light 
emitting diodes and the microdisplay receives the combined light from the polarizing 
beamsplitter. 

[0005] In accordance with another embodiment of the present invention, an apparatus includes 
an epitaxial structure comprising an active region sandwiched between an n-type region and a 
p-type region where the active region configured to emit light when forward biased. The 
apparatus further includes a non-absorbing polarizer, such as a wire grid polarizer, coupled to 
the active region. The non-absorbing polarizer transmits light having a desired polarization 
orientation and reflects light that does not have the desired polarization orientation. A 
randomizing element, such as a wavelength converting material, e.g., phosphor, or a roughened 
scattering surface, is coupled to the active region and the non-absorbing polarizer. The 
randomizing element is positioned to receive light emitted from the active region and the non- 
absorbing polarizer. The randomizing element at least partially randomizes the polarization 
state of the light. 

[0006] In accordance with another embodiment of the present invention, an apparatus includes 
a light emitting diode and a transparent member having an entrance surface that is coupled to 
the light emitting diode. The transparent member has reflective surfaces that define an exit 
surface through which light exits the transparent member. The exit surface is smaller than the 
entrance surface. The transparent member is shaped such that light emitted from the light 
emitting diode is directed toward the exit surface. The apparatus also includes a wavelength 
converting material that is coupled to the transparent member. In one embodiment, the 
reflective surfaces are formed from a reflective material that overlies the transparent member, 
and in another embodiment, the reflective surfaces are formed from the sidewalls of the 
transparent member itself. 



[0007] In yet another embodiment of the present invention, a light emitting device includes a 
light emitting diode and a concentrator element coupled to the light emitting diode. The 
concentrator element having an entrance surface coupled to receive light emitted by the light 
emitting diode, and an exit surface that is smaller than the entrance surface. The concentrator 
element being shaped such that light received at the entrance surface is directed toward the exit 
surface. The light emitting device includes a wavelength converting material disposed over the 
exit surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] Fig. 1 illustrates a conventional projection system that includes an LED that emits 
unpolarized light. 

[0009] Fig. 2A illustrates a projection system that includes an LED that emits polarized light. 

[0010] Figs. 2B and 2C illustrate cross-sectional views of LEDs that emits polarized light. 

[0011] Fig. 3 illustrates a projection system, in accordance with an embodiment of the present 
invention, which uses two polarized LEDs, a polarizing beamsplitter and a non-polarized 
microdisplay. 

[0012] Fig. 4 illustrates a plot of typical radiation patterns, where the radiant intensity I is 
plotted as a function of angle from normal to the LED emitting surface. 

[0013] Fig. 5A and Fig. 5B illustrate a conventional LED and the conventional LED covered 
with a phosphor layer, respectively. 

[0014] Fig. 6A and Fig. 6B illustrate a high radiance LED and the high radiance LED covered 
with a phosphor layer, respectively. 

[0015] Fig. 7 illustrates an example of a high radiance LED with a concentrator element. 

[0016] Fig. 8 illustrates a device that includes a high radiance LED, a concentrator element and 
a wavelength converting material, in accordance with an embodiment of the present invention. 
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[0017] Figs. 9 A and 9B illustrate enlarged views of the exit area of the concentrator element 
and wavelength converting layer with filters, such as a dichroic filter placed below and above 
the phosphor layer, respectively. 

[0018] Figs. 10A and 10B illustrate two different possible shapes of the concentrator structure 
that may be used in accordance with an embodiment of the present invention. 

[0019] Fig. 1 1 illustrates a device that has two high radiance polarized LEDs that are combined 
to illuminate a wavelength converting material. 

DETAILED DESCRIPTION 

[0020] In accordance with an embodiment of the present invention, an optical system uses light 
emitting diodes (LEDs) in high brightness applications. By way of example, the optical 
systems may use high radiance LEDs and/or LEDs that emit polarized light. 

[0021] Fig. 1 illustrates a conventional projection system 100 that includes an LED 102 that 
emits unpolarized light, as indicated by arrows 102s and 102p. System 100 uses a microdisplay 
106 that requires polarized light and, thus, system 100 includes a polarizing filter 104 that 
filters the light emitted by LED 102. Because the polarizing filter 104 filters all s polarized 
light and passes only p polarized light, only 50 percent of the light emitted by LED 102 is 
received by the microdisplay 106. Thus, conventional projection system 100 loses 
approximately one half of its luminance. 

[0022] Fig. 2A illustrates a projection system 150 that includes an LED 152 that emits 
polarized light, illustrated as arrow 152s, and a microdisplay 156 that is disposed in the path of 
the light emitted by LED 152. The microdisplay 156 uses polarized light, and is thus, 
sometimes referred to herein as a polarized microdisplay. 

[0023] Fig. 2B illustrates a cross sectional view of the polarized LED 152, in accordance with 

one embodiment. LED 1 52 is illustrated with a flip-chip design. LED 152 is a Ill-nitride light 

emitting diode, with an n-type IH-nitride layer 159 formed on a substrate 158, which may be, 

e.g., sapphire, SiC, GaN, or any other suitable substrate. A light emitting region 160, also 

sometimes referred to as the active region 160, is formed on n-type layer 159, and a p-type 
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layer 162 is formed on the active region 160. Fig. 2B also illustrates a first contact 165 with 
interconnect 166, which are coupled to layer 159 and a second contact 164 with interconnect 
166, which are coupled to layer 162. At least one of contacts 164 and 165 may be reflective 
which increases light output. Interconnects 36 may be, for example, solder bumps or gold 
bumps. 

[0024] In one embodiment, the LED 152 is a Ill-nitride light emitting device that is grown such 
that the crystallographic (0001) direction, also known as the c-axis, is parallel to the plane of 
the light emitting Ill-nitride layers. Light emitted by such devices may be at least partially 
linearly polarized. A device or crystal layer with the <0001> directions parallel to the plane of 
the layer or layers is referred to below as an "in-plane" device or layer, since the c-axis is 
parallel to or in the plane of the device layers. In some embodiments, the light emitting layer or 
layers in the active region of a Ill-nitride device are < lOlO > or < 1 120 > layers of the 
quaternary alloy InxAlyGa^yN (0<x<l,0<y<l,x + y<l). 

[0025] Devices with in-plane light emitting layers may be fabricated by growing the device 
layers on an in-plane growth substrate. Examples of substrates suitable for growth of an in- 
plane active region include the {10l0} and {1 1 20} surfaces of SiC of the 2H, 4H, or 6H 
polytypes; {1012} surfaces of sapphire; and {100} surfaces of y-LiA10 2 . In the case of SiC 
substrates, the orientation of the deposited Ill-nitride films matches the orientation of the 
substrate. When using the metal-organic chemical vapor-phase epitaxy technique, the process 
of depositing the in-plane Ill-nitride layers is similar to the process used for depositing <0001> 
Ill-nitride layers on a <0001> SiC substrate. A buffer layer of AlGaN is deposited, at high 
temperature (-1 100°C), directly on the SiC substrate. A layer of GaN is deposited on the 
AlGaN buffer layer. Light-emitting AlInGaN quantum wells are deposited on the GaN layer. 

[0026] In the case of a sapphire substrate with a {10 12} surface, the deposited IH-nitride films 
are oriented in the < 1 1 20 > direction. When using the metal-organic chemical vapor-phase 
epitaxy technique, the process of depositing in-plane Ill-nitride layers is similar to the process 
used for depositing <0001> Ill-nitride layers on a <0001> sapphire substrate. A Ill-nitride 

buffer layer is deposited, at low temperature (~550°C), directly on the sapphire substrate. A 
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layer of GaN is deposited on the Ill-nitride buffer layer. Light emitting AlInGaN quantum 
wells are deposited on the GaN layer. 



[0027] In the case of a <100> y-LiA10 2 substrate, the deposited IH-nitride films are oriented in 
the < 10 1 0 > direction. The process for depositing in-plane Ill-nitride layers by molecular 
beam epitaxy consists of depositing a Ill-nitride buffer layer at low temperature (~550°C) 
directly on the substrate, followed by a layer of GaN grown at a higher temperature. The light- 
emitting AlInGaN quantum wells are deposited on the GaN layer. 

[0028] The inventors prepared Ill-nitride photoluminescence test structures grown on {10l0} 
SiC and {1012} sapphire. When the test structures were excited by a 396 nm laser to emit 
light at 475 nm, the light from the {10l0} SiC device was greater than about 90% polarized, 
and the light from the {10 12} sapphire device was about 80% polarized. When the test 
structures were electrically excited, the light from the {10T0} SiC device was 70-80% 
polarized. Percent polarization is defined as: 



where I p and I s are the intensities of vertically and horizontally polarized light. Embodiments 
of the present invention may include devices that emit light that is at least 50% polarized. 

[0029] Additional information and uses of an in-plane polarized LED are discussed in U.S. 



Including In-Plane Light Emitting Layers" by James C. Kim, Jonathan J. Wierer, Jr., Nathan F. 
Gardner, John E. Epler, and Michael R. Krames, concurrently filed herewith and having the 
same assignee as the present disclosure, and which is incorporated herein by reference. 

[0030] Fig. 2C illustrates a cross sectional view of a polarized LED 152', in accordance with 
another embodiment of the present invention. LED 152' is similar to LED 152, shown in Fig. 
2B, like designated elements being the same. LED 152', however, may be standard LED, i.e., 




xl00% 



eq. 1 



Patent Application Serial No. 



, entitled "Semiconductor Light Emitting Devices 



LED 152' is need not be in-plane polarized and, thus, the active region 160' of LED 152' may 
be conventionally formed. As illustrated in Fig. 2C, the LED 152' may include a non- 
absorbing polarizer, such as a wire grid polarizer 168. A randomizing element 169, which may 
be, e.g., a wavelength converting material, such as a phosphor layer, may be disposed between 
the wire grid polarizer 168 and the active region 160'. Thus, the polarization of light emitted 
by the active region 160' is randomized prior to the wire grid polarizer 168, e.g., by the 
phosphor layer absorbing and reemitting the light. The wire grid polarizer 168 transmits the 
light with the desired polarization and reflects the remaining light back to the randomizing 
layer 169. The reflected light is absorbed by the phosphor layer and the polarization state of 
the reflected light is again randomized when the light is reemitted. The wire grid polarizer 168 
then transmits the light with the desired polarization state and reflects the remaining light. 
Thus, with the use of the randomizing element 169 and non-absorbing polarizer 168, light 
emitted externally from the device is greater than 50% polarized. 

[0031] In another embodiment, the randomizing element 169 in LED 152' is a roughened 
scattering surface of the substrate 158, which alters the polarization state of light that is 
transmitted and/or reflected. Roughening a surface of the substrate 158 (or any other surface in 
the LED 152') may be performed using well-known processing methods, such as wet chemical 
etching, dry chemical and related techniques. Where the randomizing element 169 is a 
roughened surface of the substrate 158, it is desirable to separate the non-absorbing polarizer 
168 and the roughened surface of the substrate 158, e.g., with a transparent layer or other 
appropriate spacer. With the use of a roughened surface of the substrate 158, the polarization 
state of the light that reflected by the wire grid polarizer 168 will be randomized as the light 
passes through the roughened surface. The light is then reflected internally within LED 152' 
and reemitted through the roughened surface, which further randomizes the polarization state of 
the light. The wire grid polarizer will then transmit the light with the desired polarization state 
and reflects the remaining light. If desired, the roughened surface need not be the top layer of 
the substrate 158, but may be located in other layers of the LED 152'. Further, if desired the 
randomizing element 169 may be formed from other appropriate material or layers, such as 
birefringent materials. If desired, more than one randomizing element 169 may be used with 
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LED 152'. For example, LED 152' may include both a wavelength converting layer and a 
roughened surface and/or a birefringent material. 

[0032] Referring back to Fig. 2A, the microdisplay 156 in projection system 150 may be 
manufactured by Seiko-Epson, as part number L3D07H. In general, the LED 152 produces 
polarized light and thus eliminates the need for the polarizer 104 in Fig. 1 . The LED 152 has 
approximately the same flux as the unpolarized LED 102, shown in Fig. 1. Accordingly, 
essentially all of the light emitted by LED 152 can be used to illuminate the microdisplay 156. 
Therefore, the projection system 150 is approximately twice as bright as the projection system 
100 as the total flux received by the microdisplay 156 is approximately twice that received by 
microdisplay 106. 

[0033] It should be understood that projection system 1 50 may include additional optical 
elements, such as lenses, prisms and/or lightguides, which are well known and commonly used 
in projection system. The present disclosure illustrates primarily elements that are related to 
polarization, i.e., are polarization sensitive or modify the polarization state, for the sake of 
simplicity and so as to not unduly obscure the present invention. 

[0034] The use of a polarized LED 152 is further advantageous in projection systems that use 
non-polarized microdisplays, i.e., microdisplays that not require the use of polarized light. Fig. 
3 illustrates a projection system 170, in accordance with another embodiment of the present 
invention, that uses two polarized LEDs 172 and 174, a polarizing beamsplitter 176 and a non- 
polarized microdisplay 178. The microdisplay 178 may be manufactured by Texas 
Instruments, part no. 0.7XGA DDR, which is a reflective display and, thus, element 178 shown 
in Fig. 3 would include a microdisplay and prisms. As illustrated in Fig. 3, LED 172 produces 
light 172s that is orthogonally polarized with respect to the light 174p that is emitted by LED 
174. The LEDs 172 and 174 may be similar to the LED discussed in reference to Fig. 2 A, 2B, 
and2C. 

[0035] The LEDs 172 and 174 are positioned relative to polarizing beamsplitter 176 so that the 
light emitted from LED 172 is passed by polarizing beamsplitter 176 and the light emitted from 
LED 174 is reflected by polarizing beamsplitter 176 to combine the emitted light from the two 

-8- 



LEDs 172 and 174. If desired, the LEDs 172 and 174 may be mounted directly to the 
polarizing beamsplitter 176 or positioned near the beamsplitter 176 with additional optical 
elements, such as lenses, collimators, and/or mirrors, (not shown) disposed between the LED 
172, 174 and the beamsplitter 176. 

[0036] The microdisplay 178, which does not require polarized light, receives the light 
combined by polarizing beamsplitter 176. The flux received by the microdisplay 178 is 
approximately twice the flux received in a conventional system with a single non-polarized 
LED emitting light that is received by a non-polarized microdisplay. Accordingly, the 
projection system 170, with the use of two polarized LEDs produces an effective luminance 
that is approximately twice that found in conventional systems. 

[0037] In another embodiment of the present invention, one or more high radiance LEDs are 
used in an optical system that converts the wavelengths of the light emitted from the LEDs 
without losing significant radiance in the system. In general, radiance can be described by the 
following: 

p 

Radiance = eq . 2 

a + SA 

where P is the emitted power, a is the solid angle of the emitted radiation, and S A is the surface 
area of emission. 

[0038] Typically, LEDs emit radiation over a wide angle, i.e., the solid angle a is large. To 
increase the radiance of an LED, which is useful for high brightness applications, the solid 
angle a of emitted radiation is typically decreased resulting in an LED that emits radiation in a 
narrow cone. For example, the solid angle a of emission can be decreased using photonic 
crystals or a DBR (Distributed Bragg Reflector). Photonic crystals are described in, e.g., U.S. 

Patent Application Serial No. , entitled "Photonic Crystal Light Emitting Device, by 

Jonathan J. Wierer, Jr., Michael R. Krames and John E. Epler, concurrently filed herewith, and 
having the same assignee as the present disclosure and which is incorporated herein by 
reference. Further a resonant cavity LED, which is a one-dimensional photonic crystal device, 
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is described in H. De. Neve et ah, "Recycling of guided mode light emission in planar 
microcavity light emitting diodes", Appl. Phys. Lett. 70(7), 1997, pp. 799-801, which is 
incorporated herein by reference. 

[0039] Fig. 4 illustrates a plot of typical radiation patterns, where the radiant intensity I is 
plotted as a function of angle from normal to the LED emitting surface. Two radiation patterns 
are shown plotted in Fig. 4: a Lambertian radiation pattern 182, which is a typical (idealized) 
pattern for normal LEDs, and a narrow radiation pattern 1 84, which is generated by a high 
radiance LED. 

[0040] Fig. 5 A and Fig. 6A illustrate a conventional LED 202 and a high radiance LED 204. 
For illustrative purposes, LED 202 is shown producing a Lambertian radiation pattern, while 
high radiance LED 204 is shown producing a narrow radiation pattern in Figs. 5A and 6A, 
respectively. 

[0041] Sometimes it is desirable to convert the wavelength of light emitted from an LED to 
another wavelength, e.g., using a fluorescent material such as phosphor. For example, if the 
LED produces blue light, a Ce-doped Yttrium Aluminum Garnet (YAG) phosphor material 
may be used to absorb the blue emission and emit yellow light. The yellow light from 
phosphor may mix with blue light emitted from the LED and that is transmitted through the 
phosphor to produce a white light. If desired, other materials may be used to produce green or 
red light. The phosphor is typically applied as a thin coating covering the complete emission 
surface of the LED. 

[0042] Figs. 5B and 6B illustrate a phosphor layer 203 and 205 conventionally deposited on the 
conventional LED 202 and high radiance LED 204, respectively. A property of a phosphor 
layer is that it absorbs and then reemits light, i.e., the emitted radiation pattern of a phosphor is 
independent of the radiation pattern of the source used to illuminate the phosphor. As 
illustrated in Figs. 5B and 6B, both the conventional LED 202 and the high radiance LED 204 
result in a Lambertian radiation pattern after conversion. Thus, as can be seen, when a 
phosphor is used with a high radiance LED, the radiation emitted by the phosphor is the same 
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as that produced by phosphor used with a conventional LED. Thus, the radiance advantage of 
the high radiance LED is lost when phosphor is used in a conventional manner. 

[0043] In accordance with an embodiment of the present invention, an optical system that uses 
a wavelength converting element, such as a phosphor material, can maintain or even increase 
radiance by reducing the effective surface area of light emission, i.e., by reducing SA in 
equation 2. In one embodiment, a concentrator element, such as a compound parabolic 
concentrator (CPC) or similar structure is used with an LED to focus the area of light emission 
of the LED. Compound parabolic concentrators are well understood in the art and are generally 
formed from rotational symmetric parabolic shapes. 

[0044] Fig. 7 illustrates an example of a high-radiance LED 300 (i.e., the solid angle a of 
emission is less than n) with a concentrator element 302. The LED 300 may be, e.g., a high- 
radiance LED such as that described in, e.g., U.S. Patent Application Serial No. , 

entitled "Photonic Crystal Light Emitting Device, by Jonathan J. Wierer, Jr., Michael R. 
Krames and John E. Epler, filed on March 12, 2004, and having the same assignee as the 
present disclosure, which is incorporated herein by reference. 

[0045] The concentrator element 302 may be formed by producing an optically transparent 
material with the desired shape. By way of example, the concentrator element 302 may be 
sapphire, glass, acrylic, silicone, epoxy, or any other suitable material capable of maintaining 
transparency when exposed to the light and heat emitted by the LED 300 and is bonded to the 
LED 300. The outer surface of the concentrator element 302 is covered with a reflective layer 
that surrounds an aperture that defines an exit area 303. In one embodiment, the reflective 
layer may be, for example, a metal having a reflectivity greater than 90%. Examples of 
suitable metals are as silver, aluminum, rhodium, and gold. The reflective metal may be 
selected based on the material on which it is to be deposited, or the wavelength of the light it is 
to reflect. For example, gold is highly reflective of light in the red or infra-red wavelength 
ranges. In addition, a dielectric layer, such as a suitably low index of refraction material, may 
be positioned between the reflective layer and the concentrator element 302 in order to reduce 
optical loss. 
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[0046] In another embodiment, the concentrator element 302 is formed without the use of a 
reflective material overlying the surfaces of the transparent material. For example, the 
sidewalls of the transparent material may serve as the reflective surfaces of the concentrator 
element 302 when there is total internal reflection. The use of a transparent member with total 
internal reflection is described in U.S. Patent No. 4,240,692 to Winston, dated December 23, 
1980, which is incorporated herein by reference. 

[0047] In another embodiment, the concentrator element 302 is formed of a hollow shell, e.g., a 
cavity within a solid body. The interior surfaces of the shell may be coated with a reflective 
material in some embodiments. By way of example, the concentrator element 302 may be 
manufactured by injection molding or compression molding of glass, plastic or metal, and the 
inside surfaces are covered with a suitably reflective material. In this embodiment, the LED 
300 emits light into air (or a gas) that is within the concentrator element 302. 

[0048] As illustrated in Fig. 7, high-radiance LED 300 has a surface 301 with an area SA 0 from 
which light is emitted. The concentrator element 302 is mounted to the LED 300 such that the 
light emitted from LED 300 is reflected within the concentrator element 302 and emitted 
through the exit 303 with a larger solid angle than the light emitted from the LED 300. As can 
be seen in Fig. 7, however, the concentrator element has a smaller area of emission SAj. 
Consequently, the overall radiance of the system is preserved with the use of concentrator 
element 302, i.e., the solid angle a is increased but the surface area SA is reduced in equation 
2. 

[0049] Fig. 8 illustrates a device 350 that includes a high radiance LED 300 and concentrator 
element 302, as shown in Fig. 7, and further includes a phosphor layer 352 at the exit 303 of the 
concentrator element 302. Suitable phosphors may include, but are not limited to: 
Y3A15012:Ce, (Y,Gd)3(Al,Ga)5012:Ce, (Lu,Y)3A15012:Ce, SrS:Eu, SrGa2S4:Eu, 
(Sr,Ca,Ba)(Al,Ga)2S4:Eu,(Ca,Sr)S:Eu, (Ca,Sr)S:Eu,Mn, (Ca,Sr)S:Ce, (Sr,Ba,Ca)2Si5N8:Eu, 
(Ba,Sr,Ca)2Si04:Eu, and (Ca,Sr,Ba)Si202N2:Eu. Typically, such phosphors are obtained in 
powder form and may be deposited on the transparent medium of the concentrator element 302 
by incorporating in a binding medium such as silicone or epoxy and then applying by methods 
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such as screen-printing or dispensing, before curing to set the binder. Alternatively, the 
phosphor grains can be deposited first, e.g., by electrophoresis, then back infused with the 
selected binder, and then cured. It may be advantageous to deposit the phosphor on a separate 
member before attaching it to the transparent medium of the concentrator element 302. The 
phosphors may also be employed in solid form, e.g., thin film phosphor, without a binder. The 
solid phosphor layer may be deposited on a separate member (e.g., thin film) or may be 
handled separately and attached directly to the transparent medium of the concentrator element 
302 in the case of a thick solid phosphor film. In the embodiment in which the concentrator 
element 302 is a hollow shell, the phosphor may be deposited on a medium, such as glass or 
plastic that is then mounted over the exit 303 of the concentrator element 302. In addition to 
phosphors, other luminescent materials may be used in accordance with an embodiment of the 
present invention, such as organic luminescent converters, and semiconductor layers and/or 
semiconductor nano-particles, sometimes referred to as "quantum dots". 

[0050] In general, the phosphor layer 352 is able to absorb light at all angles. The phosphor 
layer 352 emits light with a wide solid angle, as illustrated with the Lambertian radiation 
pattern, but because of the reduced surface area SAi of emission the radiance of the system is 
preserved. Except for wavelength conversion losses, the device 350 has approximately one 
half of the radiance as high radiance LED 300 without the phosphor layer 352 or concentrator 
element 302. 

[0051] It should be understood that approximately 50 percent of the light emitted by the 
phosphor layer 352 will be directed back to the LED 300 as illustrated in Fig. 8 by the 
Lambertian radiation pattern 353. In general, the LED 300 is reflective and this light will be 
recycled. However, in accordance with another embodiment of the present invention, a filter 
may be used to prevent the backward emission of the light by the phosphor layer 352 toward 
the LED 300. By way of example, a dichroic filter may be. combined with the phosphor layer 
352, i.e., on the same member that that the phosphor is deposited, before attachment to the 
concentrator element 302. 
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[0052] Fig. 9 A illustrates an enlarged view of the exit area of the concentrator element 302 and 
phosphor layer 352 with a filter 354, such as a dichroic filter. The filter 354 may be located 
between the phosphor layer 352 and the LED (not shown in Fig. 9 A), e.g., by depositing the 
filter 354 over the exit area 303 of the concentrator element and then depositing the phosphor 
layer 352 over the filter 354. Because the light emitted by the phosphor layer 352 and the LED 
300 have different wavelengths, the filter 354 can be chosen to transmit the light emitted by the 
•LED 300 and reflect the light emitted by the phosphor layer 352. Thus, any light emitted by 
the phosphor layer 352 in the direction of the LED 300 will be reflected by the filter 354 and 
redirected back to the phosphor layer 352 as illustrated in Fig. 9A. 

[0053] In addition, if LED 300 is a polarized LED 300, a polarizer 356, such as a wire-grid 
polarizer, a dual brightness enhancement film (DBEF) polarizer or other polarizing element, 
illustrated in Fig. 9A with broken lines, can be used in place of or in addition to the filter 354. 
Polarizer 356 is configured to transmit the polarized radiation emitted from the LED 300. The 
radiation emitted from the phosphor layer 352 is unpolarized, and thus, will be partially 
reflected back into the phosphor layer 352. The use of a polarized LED 300 and polarizer 356 
has the additional benefit of increasing the conversion efficiency of the phosphor layer 352. 
The wire grid polarizer 356, which can be purchased from Moxtek, Inc., can be mounted, e.g., 
on the filter 354 or added as a separate element. 

[0054] Fig. 9B is similar to Fig. 9A and illustrates an enlarged view of the exit area of the 
concentrator element 302 and phosphor layer 352 with a filter 354. As illustrated in Fig. 9B, 
however, a filter 364, e.g., a dichroic filter, may be located over the phosphor layer 352, such 
that the phosphor layer 352 is disposed between the filter 364 and the LED 300 (not shown in 
Fig. 9B). The filter 364 is chosen to transmit light that is emitted by phosphor layer 352 and to 
reflect light emitted by the LED 300. Thus, any light from the LED 300 that passes through 
phosphor layer 352 without conversion is reflected back to the phosphor layer 352. In addition, 
as illustrated in Fig. 9B, a polarizer 366, such as a wire-grid polarizer, a DBEF polarizer or 
other non-absorbing polarizer, may also be located over the phosphor layer 352. In some 
embodiments, the exit area of the concentrator element 302 may include only phosphor 352, 
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filter 364, and in some embodiments, and polarizer 366, without the underlying filter 354 and 
polarizer 356. 

[0055] One prominent application of an LED with phosphor layer 352 and the polarizer 366 is 
the supply of polarized radiation, e.g. to LCD light valves. Using wavelength converting 
phosphors advantageously provides an efficient randomization of light properties in the 
emission range of the phosphor. It has been experimentally proven that powder phosphor 
materials completely randomized the polarization of incident light in backscattering. Therefore 
using non-absorbing polarizers, such as wire-grid polarizers or DBEF sheet polarizers over the 
wavelength converting phosphor layer 364 leads to an increase in the flux of polarized light 
through the respective polarizer, e.g., from up to 60% to 100%. 

[0056] It should be understood that while a compound parabolic concentrator is the most 
efficient structure to preserve radiance while reducing the surface area of emission, other 
simpler geometries may be used to concentrate the light. Concentrators with a simplified 
geometry will advantageously simplify manufacturing and reduce costs, but will have a small 
efficiency penalty. 

[0057] Figs. 10A and 10B illustrate two different possible shapes of the concentrator structure 
that may be used in accordance with an embodiment of the present invention. Fig. 10A 
illustrates a device 400 with a high radiance LED 402, a concentrator element 404 having 
approximately straight walls, and a phosphor layer 406 over the exit of the concentrator 
element 404. Fig. 10B illustrates a device 410 with a high radiance LED 412, a concentrator 
element 414 having curved walls, and a phosphor layer 416 over the exit of the concentrator 
element 414. Both device 400 and 410 emit light over a wide angle from the phosphor layers 
406 and 416, respectively, which is over the exit area of the concentrator elements 404 and 414, 
respectively. The surface area of the phosphor layers 406 and 416 is reduced relative to the 
surface area of the light source, i.e., LEDs 402 and 412, respectively, and thus, the radiance of 
devices 400 and 402 is approximately preserved despite the increase in the solid angle of light 
emission. 
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[0058] In another embodiment of the present invention, two polarized high radiance LEDs may 
be used in conjunction to produce a high luminance light source that uses a phosphor layer. 
Fig. 1 1 illustrates a device 500 that has two high radiance polarized LEDs 502 and 504 that are 
combined to illuminate a phosphor layer 510. The device 500 further includes a polarizing 
beamsplitter 506 and a concentrator element 508, such as a compound parabolic concentrator 
(CPC). The polarization of LED 502 is orthogonal to the polarization of the other LED 504. 
As shown in Fig. 1 1, the polarizing beamsplitter 506 is configured to pass the radiation emitted 
from LED 502, which is illustrated with broken lines, and to reflect the radiation from LED 
504, which is illustrated with solid lines. Thus, polarizing beamsplitter 506 combines the 
emitted radiation from the two LEDs 502 and 504. 

[0059] The concentrator element 508 focuses the combined light from beamsplitter 506 into a 
small exit area, which is covered with the phosphor layer 510. If desired, a filter and/or 
polarizer element may be disposed below and/or over the phosphor layer 510 as discussed 
above. The phosphor layer 510 emits light over a wide angle, as illustrated by the Lambertian 
radiation pattern in Fig. 1 1 . As discussed above, because the concentrator element 508 reduces 
the surface area of emission, the radiance of the device 500 is not significantly decreased 
despite the increase in the solid angle a of emission caused by the phosphor layer 510. The 
radiation emitted from the phosphor layer 510 can then be received, e.g., by a microdisplay 
512. If desired, a filter and/or a polarizer may be used with device 500 as described above. 

[0060] Although the present invention is illustrated in connection with specific embodiments 
for instructional purposes, the present invention is not limited thereto. Various adaptations and 
modifications may be made without departing from the scope of the invention. Further, it 
should be understood that the term "coupled" is used herein to mean either a direct connection 
between the items connected, or an indirect connection through one or more passive or active 
intermediary devices, whereas the term "connected" is used herein to mean a direct connection 
between the items connected, without any intermediate devices. Therefore, the spirit and scope 
of the appended claims should not be limited to the foregoing description. 
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